Our objective was to determine the effects of feeding oscillating compared with static dietary crude protein (CP) concentrations on nitrogen (N) retention and urea flux across ruminal epithelia. Twenty-seven Suffolk wether lambs (n = 9) were assigned to a medium-CP diet [MEDIUM; 127 g CP×kg dry matter (DM)
Introduction
In ruminants, the conversion of dietary nitrogen (N) into edible protein products such as meat and milk is very low (20-30%) , with the majority of dietary N (70-80%) being excreted in feces and urine (1, 2) . In an effort to improve environmental stewardship associated with intensive ruminant production, there is interest in adopting feeding practices that enhance N efficiency. Several studies have demonstrated that feeding diets with oscillating crude protein (CP) 4 concentrations on a 2-d basis (e.g. feeding a low-CP diet for 2 d followed by feeding a high-CP diet for 2 d) can enhance N retention in growing sheep (3, 4) and finishing cattle (5, 6) . Cole (3) proposed that the increase in N retention in ruminants fed oscillating dietary CP could, inter alia, be attributed to increased urea recycling to the rumen. To test that hypothesis, Archibeque et al. (7) conducted a study using growing wethers fitted with chronic indwelling catheters and fed high-concentrate diets with oscillating or static CP concentrations. They reported that, at similar N intakes, urea recycling to the portal-drained viscera (PDV) tended to be greater only with the oscillating treatment. Thus, it was not possible to definitively attribute the improved N retention with oscillating CP diets to greater rates of urea transfer to the gut.
Urea recycling provides a source of ruminally available N for microbial protein synthesis under most dietary conditions; however, it becomes more important when the dietary N supply is deficient (8) . Although passage of urea from blood into the rumen can occur via simple diffusion, the presence of facilitative urea transporter (UT) proteins (UT-B) in ruminants has been demonstrated (9, 10) and various groups (8, (11) (12) (13) have proposed that UT-B may have a functional role in urea transfer into the rumen. Recently, Muscher et al. (13) quantified urea flux across isolated ruminal epithelia in Ussing chambers and observed that, when goats were fed diets differing in the dietary CP concentration ranging from 7 to 14% over a 7-wk period, phloretin (a known specific inhibitor of UT-B) (14) decreased the serosal-to-mucosal urea flux (J sm-urea ). However, the inhibitory effects of phloretin were absent for goats fed a 19% CP diet, suggesting that changes in UT-B activity might modulate urea transfer depending on N status. Although Muscher et al. (13) demonstrated that the dietary CP concentration has profound impacts on urea flux mediated by UT-B, the long-term (7 wk) feeding strategy imposed by those authors does not explain whether short-term adaptations in urea transport occur when diets with oscillating CP content are fed.
Therefore, our objective in this study was to determine the effects of feeding oscillating compared with static dietary CP concentrations on whole-body N retention, in vitro phloretinsensitive and phloretin-insensitive urea flux across the ruminal epithelia, and microbial protein production in growing lambs. We hypothesized that the improvement in N retention for ruminants fed oscillating dietary CP concentrations can partly be attributed to enhanced urea flux across ruminal epithelia when the low-CP diet is fed during the oscillating cycle.
Materials and Methods
Twenty-seven Suffolk wether lambs were used in this study and were cared for and handled in accordance with the guidelines of the Canadian Council of Animal Care (15) . All animal use was preapproved by the University of Saskatchewan Animal Care Committee (UCACS Protocol no. 20040048).
Lambs, experimental treatments, and feeding management.
Lambs were weighed at the beginning of the experiment (26.2 6 4.0 kg initial body weight) and blocked by body weight into 9 blocks of 3. Within each block, lambs were randomly assigned to 1 of 3 dietary treatments. Because only 3 lambs could be slaughtered per week to obtain tissue samples for in vitro studies at the end of the collection period, stratifying the animals into blocks was necessary so that complete blocks could be started on treatment staggered over time. ) and a high-CP (161 g CP×kg DM
21
) diet on a 48-h basis (OSC-HIGH; i.e. lambs received the high-CP diet for 2 consecutive days followed by the low-CP diet for the next 2 d, such that these lambs were receiving the high-CP diet when they were killed on d 33) or vice versa (OSC-LOW). The separation of the OSC treatments into OSC-LOW and OSC-HIGH allowed for equal representation of each OSC sequence across all days within the 8-d collection period (i.e. to cover 2 oscillating cycles of 4 d/cycle) for N balance measurements and allowed for the measurement of urea flux across isolated ruminal epithelia obtained from lambs consuming the low-CP (i.e. OSC-LOW) and the high-CP (i.e. OSC-HIGH) diets within the OSC cycle. The static (MEDIUM) CP concentration met the CP requirement of 25-kg lambs for body weight gains of 300 g×d 21 (16), whereas the low and high CP concentrations were below and above CP requirements (16) , respectively. However, the total CP intake in lambs fed the OSC dietary CP regimens over a 4-d oscillating cycle was similar to that of lambs fed the MEDIUM diet. All experimental diets were offered in the form of a pellet for ad libitum consumption. Lambs were fed twice daily at 0900 and 1700 h and had free access to water. The ingredient and chemical compositions of the diets are presented in Table 1 .
The in vivo portion of the study consisted of 24 d for dietary adaptation and 8 d for data and sample collection. Lambs were also weighed at the end of the sample collection periods. During dietary adaptation, lambs were housed individually in pens (1.5 m 2 ) and were placed in metabolism crates for measurement of N balance.
N balance measurements. Lambs were provided with 3 d of acclimation to the metabolism crates prior to conducting measurements. During the 8-d data and sample collection period (d 25 to 32), individual lamb feed intake was recorded daily. Samples of the diets and orts were collected daily and stored at 2208C. Feces and urine were collected as previously described (4) . On a daily basis, feces were mixed thoroughly and a subsample (50% of total output on a wet basis) was collected and stored at 2208C. Total urine output was recorded daily and a subsample (20% of total output) was collected, composited by lamb, and stored at 2208C for determination of total N. In addition, a 2-mL subsample of urine was diluted with 8 mL of distilled water and stored at 2208C for determination of urea N and purine derivatives (PD).
Ussing chamber measurements. On d 33, lambs were killed by captive bolt stunning followed by exsanguination at 4 h after the morning feeding. This time was chosen to coincide with the postprandial peak in plasma urea-N concentration (K. Doranalli and T. Mutsvangwa, unpublished data). Following an incision into the abdomen, the entire gastrointestinal tract was removed from the abdominal cavity within 3-4 min 2 ) and the pH was adjusted to 7.4 using 1 mol×L 21 NaOH. Subsequently, the mucosa was gently separated from the underlying muscular layers before being transported (within 20 min of slaughter) to the laboratory in the buffer solution described above.
Simultaneously to the processing of ruminal epithelial tissue, total ruminal contents were evacuated into a clean plastic container. Ruminal contents were mixed and a homogeneous sample was collected and strained through 2 layers of cheesecloth. The pH of the strained ruminal fluid was immediately determined using a portable pH meter (Model 265A, Orion Research). Two 10-mL aliquots of ruminal fluid were preserved with either 2 mL of metaphosphoric acid (25% wt:v) or 2 mL of 1% sulfuric acid and stored at 2208C. A 200-mL subsample of ruminal fluid was stored at 2208C for isolation of ruminal bacteria.
In the laboratory, pieces of stripped ruminal epithelia were mounted between 2 halves of an Ussing chamber with an exposed surface area of 1.43 cm 2 . Silicon washers were positioned on both sides of the epithelia to prevent edge damage. Epithelia were then bathed in isolated buffer solutions on the mucosal and serosal sides (10 mL×side
). The composition of the mucosal and serosal buffer solutions was the same as the transport buffer, except that they contained antibiotics (60 mg×L 21 of penicillin G sodium salt, 100 mg×L 21 of kanamycin sulfate, and 50 mg×L 21 of flurocytosine) that, when combined with phenyl-phosphorodiamidate, were designed to prevent any potential urease activity. The pH of the serosal and mucosal buffer solutions were adjusted to 7.4 and 6.2, respectively, using 3 mol×L 21 gluconic acid or 1 mol×L 21 NaOH to mimic physiological conditions in vivo. This approach has been implemented in previous studies (17, 18) . Moreover, Abdoun et al. (19) showed that maximal transepithelial flux of urea across the isolated epithelia occurred at a mucosal pH near 6.2 (in the presence of SCFA). Epithelia were incubated under short-circuit conditions using a computer-controlled voltage-clamp device (VCC MC6; Physiologic Instruments). Throughout the incubations, measurements of transepithelial conductance (G t ) were collected every 20 s and mean G t values were then calculated for every 5-min period. Bathing solutions were maintained at 378C using water-jacket reservoirs and circulated using gas lift (95% O 2 / 5%CO 2 ).
For the measurement of the J sm-urea , a 20-min equilibration period was provided for stabilization of electrophysiology, after which a urea solution spiked with 14 C-urea (37 kBq in 10 mL; Perkin-Elmer) was added to the serosal side to achieve a final urea concentration of 1 mmol×L
. Thus, a urea concentration gradient from the serosal-tomucosal side was imposed to mimic physiological conditions in vivo. This was based on the lack of urea in ruminal fluid (13) and because the serosal-to-mucosal transepithelial movement of urea is facilitated by a concentration gradient between the blood and the rumen (20, 21) . After the addition of 14 C-urea, an additional 45-min isotope equilibration period was implemented. For each lamb, 4 mounted tissues were ranked based on G t values observed during the 20-min electrophysiology equilibration period. Individual epithelia were then assigned to 1 of 2 in vitro treatments (SHAM vs. PHLORETIN; n = 2) such that the treatments were balanced for mean G t values. The J sm-urea across the ruminal epithelia was measured in 2 consecutive 30-min flux periods, with the initial 30-min flux period being baseline (i.e. no in vitro treatments were applied). At the start of the second flux period, phloretin dissolved in ethanol was added (to achieve a final concentration of 1 mmol×L
) to the serosal bathing solution for 2 epithelia (PHLOR-ETIN tissues) to measure phloretin-insensitive J sm-urea flux. The same volume of ethanol was added to the serosal bathing solution for SHAM tissues. All chemicals (reagent grade), antibiotics, and phloretin were obtained from Sigma-Aldrich, unless otherwise indicated.
Sample analyses. Frozen samples of the experimental diets, orts, and feces were thawed overnight at room temperature and analyzed for DM (22; method 930.15). The dried samples were then ground to pass through a 1-mm screen using a Christy-Norris mill (Christy and Norris). Ground samples were pooled by lamb and analyzed for organic matter (OM) (22; method 942.05), N (22; method 2001.11), and acid detergent and neutral detergent fiber (23) . Amylase and sodium sulfite were used for neutral detergent fiber determination.
Preserved ruminal fluid samples were analyzed for volatile fatty acids (VFA) (24) and NH 3 -N (25). The 200-mL ruminal fluid subsample was used to isolate bacteria by differential centrifugation (26). The bacterial pellet was then freeze-dried, ground with a mortar and pestle, and analyzed for total N and individual purines (26) . Dilute daily urine samples were proportionally pooled by lamb to daily urine output and analyzed for allantoin, xanthine, hypoxanthine (27) , and uric acid (4). Urinary urea-N was determined by the diacetyl monoxime method (28) .
Calculations and statistical analysis. Total PD excretion per day was calculated as the sum of allantoin, uric acid, and xanthine plus hypoxanthine. Microbial non-ammonia-N (NAN) supply was calculated based on urinary PD excretion (27) by using the determined purine N: microbial N ratios and body weight measurements obtained on d 33. For calculating microbial efficiency, OM digested in the rumen was calculated as 0.65 3 digestible OM intake (27) . Digestible OM intake was calculated as OM intake 3 total tract OM digestibility (OM digestibility data are presented in Table 2 ).
Data on DM, OM, and N intakes, N balance, ruminal fermentation characteristics, and microbial NAN supply were analyzed using the Proc Mixed procedure of SAS (29) for a randomized complete block design with block and diet as fixed effects and lambs within diet as a random effect. Single df contrasts were used to determine diet effects as follows: OSC-HIGH vs. OSC-LOW and MEDIUM vs. OSC (i.e. OSC-HIGH + OSC-LOW).
The phloretin-sensitive portion of J sm-urea flux was calculated as the difference between J sm-urea flux during flux periods 1 (i.e. total J sm-urea flux) and 2 (i.e. phloretin-insensitive J sm-urea flux) for tissues assigned to the PHLORETIN treatment in vitro. This method of calculation was used because there were no statistical differences (P . 0.05) for J sm-urea flux between the SHAM and PHLORETIN treatments during flux period 1 (Supplemental Fig. 1A ) and the J sm-urea flux did not differ between flux periods 1 and 2 for the SHAM treatment (see Supplemental Fig. 1B) . Thus, differences in the J sm-urea flux between flux periods 1 and 2 for tissues assigned to the PHLORETIN treatment were due to the phloretin-induced inhibition of urea transport. Based on these observations, within-tissue total J sm-urea fluxes that are reported in Table 4 are measurements from flux period 1. Phloretin-insensitive J sm-urea fluxes are measurements from flux period 2. The J sm-urea flux data were analyzed as a split-plot design using Proc Mixed procedures of SAS (29) . The model included in vivo dietary treatment as the whole-plot factor and in vitro treatment (SHAM vs. PHLORETIN) as a subplot factor. Single df contrasts were used to determine diet effects as described above. Within in vivo treatment groups, the effect of the addition of phloretin on J smurea fluxes (i.e. total vs. phloretin-insensitive J sm-urea flux) was analyzed using the paired Student's t test in SAS (29) . The relationships between G t and J sm-urea flux and between ruminal NH 3 -N concentration and J smurea flux were tested using linear regression using the Proc Reg option in SAS (29) . Significance was declared when P , 0.05 and tendencies were considered when 0.05 $ P , 0.10.
Results
DM and OM intakes, OM digestibility, and N balance. DM intake tended to be higher (P = 0.06) in lambs fed MEDIUM compared with those fed OSC diets, but it did not differ between lambs fed OSC-LOW and OSC-HIGH (Table 2) . OM intake was greater (P = 0.05) for lambs fed MEDIUM compared with those fed OSC, reflecting the observed differences in DM intake. Total tract OM digestibility was not affected by diet. Intake of N was similar between lambs fed MEDIUM and OSC diets. However, N excreted in feces (P = 0.009) and urine (P = 0.02) was 16 and 13% lower, respectively, in lambs fed OSC compared with those
Oscillating dietary protein and urea transport across the ruminal epithelium 3 of 8 by guest on October 14, 2017 jn.nutrition.org fed MEDIUM. Consequently, total N excretion, when expressed as absolute amounts (P = 0.006) or as a proportion of N intake (P = 0.004), was lower, and N retention, when expressed as absolute amounts (P = 0.02) or as a proportion of N intake (P = 0.004), was higher in lambs fed OSC compared with those fed MEDIUM. Lambs fed OSC gained 64.2 g×d 21 more (P = 0.02) body weight compared with those fed MEDIUM. As expected, body weight gain and N balance did not differ between lambs fed OSC-LOW and OSC-HIGH.
Ruminal characteristics. Ruminal pH did not differ (P = 0.26) between lambs fed the MEDIUM or OSC diets; however, ruminal pH was higher (P = 0.03) in lambs fed OSC-LOW compared with those fed OSC-HIGH ( Table 3) . As expected, ruminal NH 3 -N concentration was higher (P = 0.001) in lambs fed OSC-HIGH compared with those fed OSC-LOW. There were no differences in ruminal NH 3 -N concentration among lambs fed the MEDIUM or OSC diets. Ruminal concentration of total VFA tended to be higher (P = 0.09), and that of propionate, butyrate, isobutyrate, and valerate were higher (P = 0.001) in lambs fed OSC-HIGH compared with those fed OSC-LOW. In contrast, the molar proportion of acetate was lower (P = 0.001) in lambs fed OSC-HIGH compared with those fed OSC-LOW. Ruminal concentrations of total VFA, acetate, and propionate were higher (P = 0.001), whereas that of valerate was lower (P = 0.02), in lambs fed OSC compared with those fed MEDIUM.
Microbial NAN supply. Urinary excretions of allantoin (P = 0.002), uric acid (P = 0.006), and total PD (P = 0.001) were higher in lambs fed the OSC compared with those fed the MEDIUM diet (Table 4) . Consequently, microbial NAN supply and microbial efficiency were higher (P = 0.001) in lambs fed the OSC compared with those fed the MEDIUM diet.
Urea flux across the ruminal epithelium. After the 20-min electrophysiology equilibration period, G t values were stable (Supplemental Fig. 2 ), indicating that tissues were viable throughout the incubation as G t is an indicator of tissue integrity (30) . The G t was unaffected (P $ 0.13) by diet, except that G t tended to be higher (P = 0.09) in ruminal epithelia from MEDIUM compared with OSC lambs ( Table 5 ). The total J smurea flux across ruminal epithelia was 72% greater (P # 0.002) for OSC-LOW compared with OSC-HIGH lambs. Across dietary treatments, the addition of phloretin resulted in a 19.5-22.3% decrease in J sm-urea fluxes (P = 0.001). Both the phloretin-insensitive (P = 0.001) and phloretin-sensitive (P = 0.04) J sm-urea fluxes were greater in ruminal epithelia from OSC-LOW compared with OSC-HIGH lambs. There were no differences in total, phloretin-sensitive, and phloretin-insensitive J sm-urea fluxes between ruminal epithelia from MEDIUM or OSC lambs. The relationship between G t and J sm-urea flux (Fig. 1A) was not significant (r 2 = 0.001; P = 0.99); however, a negative relationship (r 2 = 0.29; P = 0.04) between ruminal NH 3 -N concentration and J sm-urea flux (Fig. 1B) was observed.
Discussion
With growing concerns regarding the potential environmental impact arising from excessive N excretion from ruminants, there is a renewed interest in improving the efficiency of N utilization in ruminants. The major factor determining total N excretion in ruminants is total dietary N intake (31, 32) . Performance studies have demonstrated that limiting dietary CP intake of productive ruminants below requirements as a strategy to minimize N excretion can compromise body weight gain and milk yield (33) , so this has not been a viable strategy in commercial ruminant production systems in which edible product output needs to be maximized for profitability. As an alternative strategy, previous studies have investigated the impact of oscillating dietary CP concentrations on N utilization. In ruminants fed high-concentrate diets, feeding oscillating dietary CP concentrations on a 2-d basis compared with feeding static dietary CP (at similar daily N intakes) increased N retention in feedlot steers (5,6) and sheep (3, 4) . In the present study, even though N intakes were similar, N losses in feces and urine were lower and, consequently, N retention was higher in lambs fed oscillating dietary CP concentrations compared with those fed a static dietary CP regimen. In addition, when expressed as a percentage of N intake, lambs fed the OSC diet had a higher N retention compared with those fed the MEDIUM diet, indicating a more efficient utilization of dietary N. However, it should be noted that N retention was calculated as N intake (fecal N + urine N) rather than being determined from slaughter studies. In such N balance studies, unaccounted N losses during sample collection and processing (e.g. volatilization of fecal or urinary N) often result in the overestimation of N retention (34) . Assuming that N retention in sheep is 29 g×kg 21 of body weight gain (35) , the N retention values of 7.2, 9.3, and 9.6 g×d 21 that were observed in the present study for the MEDIUM, OSC-HIGH, and OSC-LOW lambs, respectively, would correspond to body weight 21 ), suggesting that any errors in N balance determinations were minor. Consistent with observed differences in N retention, body weight gain was higher in lambs fed the OSC compared with those fed the MEDIUM diet, supporting previous research (5).
Although positive influences of feeding oscillating dietary CP concentrations on N utilization have been reported, the underlying mechanisms have received little attention. Cole (3) was the first, to our knowledge, to propose that, inter alia, the improved N retention observed in ruminants when dietary CP is oscillated could be due to increased urea recycling to the rumen. A greater transepithelial transport of urea from blood into the rumen during periods of the oscillating cycle when animals are receiving the low CP concentration that is deficient in N relative to ruminal microbial requirements would provide additional N that can be used for microbial growth. Although we did not measure the incorporation of recycled urea into microbial protein, microbial NAN supply was greater in lambs fed the OSC compared with those fed the MEDIUM diet. Archibeque et al. (7) reported a numerically greater absorption of a-amino acids into portal blood in sheep fed oscillating dietary CP concentrations compared with those fed static dietary CP, thereby suggesting a higher a-amino acid flow from the rumen to the small intestine with oscillating dietary CP. To calculate bacterial NAN supply, we used purine N:bacterial N ratios that were determined in fluid-associated bacteria (FAB); however, the purine N:bacterial N ratio in FAB has been reported to be higher than that in particle-associated bacteria (PAB), and the fractional contributions of FAB and PAB to total purine bases arriving at the duodenum can also differ (36). Because we did not account for these differences, it is possible that bacterial NAN supply was underestimated. However, it should be noted that highly fermentable fiber was fed in this study, so the contribution of PAB to total bacterial biomass was likely small. Besides the availability of ruminally fermentable energy, it is well established that ruminal NH 3 concentration is also a key driver of microbial protein synthesis. In vitro studies conducted by Satter and Slyter (37) indicated that the optimal ruminal NH 3 concentration for maximum microbial protein synthesis was 2.94 mmol×L 21 . In the present study, ruminal NH 3 concentrations were .2.94 mmol×L 21 for all diets. However, it should be noted that ruminal NH 3 concentrations were measured at 4 h after feeding when postprandial ruminal NH 3 -N concentrations were likely to be at their peak (K. Doranalli and T. Mutsvangwa, unpublished data) and it is possible that ruminal NH 3 concentrations were below optimal at other times of the day. It should also be noted that conflicting results have been reported regarding the optimal ruminal NH 3 -N concentration for maximum microbial protein synthesis (38) . More recent in vivo studies have provided evidence that the optimal ruminal NH 3 concentrations might be in the range of 6.46 to 6.93 mmol×L 21 (39, 40) , suggesting that ruminal NH 3 concentrations that were observed in the present study might have limited microbial growth, particularly in lambs fed the OSC-LOW diet. Also, Cole (3) suggested that any potential benefits on N retention of feeding oscillating dietary CP concentrations can only be realized if there is synchrony between changes in dietary CP and retention time of digesta in the gut. In sheep fed chopped grass hay-crushed barley, the mean retention time of digesta in the gut was 47 h (41), suggesting that changes in dietary CP concentrations with the 48-h oscillating CP regimen in the present study may have been synchronized with retention time of digesta in the gut.
To date, we are aware of only 1 study (7) that has investigated the quantitative transfer of urea into the rumen in ruminants fed high-concentrate diets with oscillating dietary CP concentrations. In that study using growing wethers, measurements of PDV fluxes of nitrogenous compounds indicated that, at similar N intakes, PDV uptake of urea only tended to be greater with the oscillating CP treatment compared with a static CP concentration. Thus, it was not possible to definitively attribute the improved N retention with oscillating CP diets to greater rates of urea transfer to the gut. In the present study, we quantified the unidirectional J sm-urea flux across isolated ruminal epithelia mounted in Ussing chambers that were obtained from lambs fed static or oscillating dietary CP concentrations. We decided to measure J sm-urea to mimic physiological conditions as urea is usually not detectable in ruminal fluid (13) . Our results show that J sm-urea was markedly greater in lambs that were killed after 2 d of receiving the OSC-LOW diet in a 2-d oscillating cycle compared with those lambs that were killed after receiving the OSC-HIGH or MEDIUM diets. These findings provide definitive evidence that, when oscillating CP concentrations are fed, a greater N utilization can partly be attributed to enhanced urea recycling to the rumen when the low CP diet is fed within the OSC cycle. Besides the increase in urea recycling, changes in whole-body protein metabolism when oscillating CP concentrations are fed could also be partly responsible for improving the efficiency of N use. In sheep maintained by intragastric nutrient infusions, marked decreases (230 to 221%) in urinary N excretion, total body protein flux and both protein synthesis and degradation were observed within 1-2 d after animals were switched from a maintenance to a low-protein intake (42) . With such acute responses in body protein turnover due to changes in protein intake, it is feasible that feeding oscillating dietary CP concentrations on a 2-d basis could have altered whole-body protein metabolism. Until recently, passage of urea from blood across the ruminal wall was thought to occur largely by simple passive diffusion, with the rumen-blood urea concentration gradient facilitating urea transfer into the rumen. Ritzhaupt et al. (9, 10) demonstrated the presence of carrier-mediated, facilitative UT-B proteins in ovine ruminal epithelium. That UT-B might have a role in trans-epithelial urea flux is suggested by observations in ruminal epithelia that UT-B protein abundance was upregulated when lambs were fed high-N diets (11) and that UT-B mRNA abundance was upregulated in concentrate-compared with forage-fed steers (43) . However, other studies have not detected changes in UT-B mRNA abundance when dietary CP level was manipulated (12, 13, 44) , so the functional role of UT-B in transepithelial urea transfer remains rather obscure. In the present study, we sought to delineate the functional role of UT-B in the movement of urea across ruminal epithelia isolated from lambs fed the OSC or MEDIUM CP diets by conducting measurements of total and phloretin-insensitive urea flux. Phloretin is a known specific inhibitor of facilitative UT-B and it has been reported to reduce the flux of urea in bovine (14) , ovine (19) , and caprine (13) ruminal epithelia. The current study revealed that both phloretin-insensitive and -sensitive portions of J sm-urea were markedly greater in ruminal epithelia isolated from lambs fed the OSC-LOW diet compared with those fed the OSC-HIGH diet. When expressed as a proportion of total J sm-urea , the phloretin-sensitive portion only accounted for 18.8-23.1%. This suggests that, although UT-B carrier-mediated urea transport was functional in epithelia from all lambs, the greater J sm-urea flux in lambs fed the OSC-LOW cannot be directly attributed to the upregulation of a trans-cellular pathway for urea transport involving UT-B transporters.
Although numerous studies have suggested that urea transport occurs via passive diffusion in addition to UT-B-mediated transport, recent studies (13, 19) have reported no correlation between tissue G t and urea flux. Past studies have examined this relationship with equimolar concentrations of urea on the mucosal and serosal sides in Ussing chambers (19) . In the current study, we imposed a serosal-to-mucosal concentration gradient to mimic physiological conditions observed in vivo. Our results support previous studies showing that changes in G t could not account for a significant portion of the variation observed for J sm-urea fluxes. Thus, it appears that other potential phloretininsensitive transporters may be involved in J sm-urea fluxes across the ruminal epithelium (13) . Possible candidates include aquaporins (45) .
It is well documented that ruminal NH 3 is negatively correlated with urea transfer to the rumen (46) . In the present study, J sm-urea flux was negatively correlated with ruminal NH 3 concentration. These inhibitory effects of a high ruminal NH 3 concentration on trans-epithelial urea flux could arise partly due to a decrease in ruminal urease activity (47) . Because bacterial urease activity facilitates the trans-epithelial movement of urea by maintaining a concentration gradient that is favorable to diffusion (48) , depressed bacterial urease activity might impair urea transfer. We did not measure bacterial urease activity in the present study, but Muscher et al. (13) reported a negative correlation between ruminal urease activity and in vitro urea flux across ruminal epithelia. It is worth noting, though, that the incubation buffer solutions that were used in the present study contained antibiotics and a urease inhibitor that would have inhibited any bacterial urease activity. As such, it is not likely that changes in urease activity in vitro would have influenced trans-epithelial urea flux. It is plausible that physiological adaptations for J sm-urea were partially mediated via changes in ruminal NH 3 concentration in vivo. In our study, the lower ruminal NH 3 concentration that was observed in lambs fed the OSC-LOW could have stimulated a greater J sm-urea flux compared with lambs fed the OSC-HIGH diet. Changes in ruminal pH could also be partly responsible for the observed differences in J sm-urea flux between OSC-LOW and OSC-HIGH lambs. When mucosal pH was varied between 7.4 and 5.4 in the presence of SCFA (as in the present study), in vitro J sm-urea flux was maximal at a mucosal pH of 6.2 and there was a steep decrease in J sm-urea flux as pH was reduced to 5.4 (19) . Ruminal pH in lambs fed the OSC-LOW diet was 5.59, whereas it was only 5.12 in lambs fed the OSC-HIGH diet, so the more favorable ruminal pH in lambs fed the OSC-LOW diet could have had stimulatory effects on trans-epithelial urea flux.
In conclusion, compared with feeding a static dietary CP concentration on a daily basis, feeding oscillating dietary CP concentrations on a 48-h basis improves N retention in ruminants even when N intakes are similar. Of particular importance, our results provide new insights that the improvement in N retention with oscillating dietary CP concentrations is partly mediated by increased urea transport into the rumen during periods when animals are consuming the low-CP diet. However, the phloretin-sensitive J sm-urea flux accounted for only a small proportion of total J sm-urea flux in lambs fed oscillating dietary CP concentrations, so it is not clear if UT-B plays a role in mediating the greater trans-epithelial flux of urea into the rumen when dietary CP concentration is oscillated in the short term. Future studies should seek to discover other transporters that might be involved in urea transport across the ruminal epithelium.
